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We present results of a search for Wbb production and for the Higgs boson through its bb decay
in the Wbb channel in pp collisions at /s = 1.96 TeV at the Fermilab Tevatron. The search is
conducted using events that contain one electron, missing transverse energy(¥r ), and two b-tagged
jets observed in data corresponding to an integrated luminosity of 382 pb~! accumulated in the DO
detector. A good description of candidate events as background originating from standard model
processes provides a 95% C.L. upper limit on the Wbb production cross section of 4.6 pb for b-quark
transverse momenta p% > 20 GeV, pseudorapidity |ns| < 2.5, and separation of the bb system in

(n, @) space ARy : 1/An§B + Ad’ig > 0.75 where Ang; and Ag,; correspond to the differences in

pseudorapidities and azimuths of the b and b candidates In addition, since no excess of events is
observed in the bb invariant mass, we set 95% C.L. upper limits on the W H production cross section
between 6.9 pb and 8.6 pb for Higgs boson masses between 105 and 135 GeV.



I. INTRODUCTION

The Higgs mechanism is thought to be the agent of electroweak symmetry breaking in the standard model that is
responsible for the observed masses of vector bosons and the elementary constituents. For this reason, finding the
Higgs boson has been of primary importance in high energy physics experiments for the past decades. One of the
cleanest search channels at the Tevatron pp collider for Higgs boson masses of My < 140 GeV is its production in
association with a vector boson, where the vector boson undergoes a leptonic (electron) decay and the Higgs boson
decays to a bb pair. Since the expected production cross section for a Higgs boson associated with a W, when combined
with leptonic branching ratio of the W, is significantly larger than that for associated production with a Z boson, the
search for the Higgs boson in the final state of evbb is more promising. Results of previous searches in this final state
for the Higgs boson and the production cross section measurement of its primary irreducible background process,
Wbb, using 174 pb~! of data, have been published by the D@ collaboration [1] previously. This work updates the
published result, and corresponds to a total integrated luminosity of 382 pb~!. The current sample includes the entire
previous data set, and has improved data quality.

II. DATA SAMPLE

In this analysis, we make use of information from the D@ central-tracking system, which consists of a silicon
microstrip tracker (SMT) and a central fiber tracker (CFT) situated inside a 2 T superconducting solenoidal magnet[2].
In addition, the analysis uses data from the liquid-argon/uranium calorimeter, which consists of a central calorimeter
(CC) that covers || < 1.1 (n = —In tan%) and two end calorimeters (EC), which extend the coverage to |n| < 4.2,
housed in three independent cryostats. The transition regions (1.1 < |n| < 1.4) of CC and EC are instrumented with
scintillation counters that provide shower sampling of jet energies. Finally, for b tagging, the analysis exploits the
muon system that surrounds the calorimeter and consists of a layer of drift tubes and scintillation trigger counters in
front of a 1.8 T toroid, followed by two additional tracking layers outside the toroid for excellent muon momentum
measurement.

Instantaneous luminosity is measured using scintillation counter arrays that are mounted in front of the EC cryostats,
covering 2.7 < |n| < 4.4. The trigger and data acquisition systems are designed to accommodate the high interaction
rates of Run II.

Candidate events are required to pass one of the triggers that demand at least one electromagnetic (EM) object.
The data are rejected if they are taken during periods in which the performance of any of the above systems is
compromised. About 10% of all data is rejected due to this quality requirement. The resulting total integrated
luminosity is 382 pb~!. The uncertainty on the measured luminosity is 6.5%][3].

IIT. EVENT SELECTION

As discussed in the introduction, the final state of the candidate events for this analysis contains one electron, Fr
and two b jets. To select cleanest candidates, additional criteria are imposed. The candidate events are required to
have a primary vertex z position within 4+ 60 cm of the nominal interaction point. In addition, events are required
to contain an electron with py > 20 GeV in the central region (|n| < 1.1). The electrons must satisfy fiducial criteria
to ensure full shower containment, and avoidance of cracks between azimuthal boundaries of electromagnetic(EM)
calorimeter modules[4]. The electrons that pass the above kinematic and fiducial selections above are further required
to satisfy more stringent identification criteria as follows:

e fractional energy in EM calorimeter over the total, fgy = % >0.9, where E;,;(0.4) and Egp(0.2) are,

respectively, the energies inside cone size 0.4 and 0.2, for the sum of hadronic and EM sections, and for EM
section alone.

Et01(0.4)—Egp(0.2)
EEM(on)VI < 0.10,

e isolation fraction, f;s, =

e seven-parameter electron shower shape variable, x%,,, < 75,
e clectron likelihood [12] > 0.75.

In order to minimize backgrounds that contain two isolated leptons in the final state, such as from Z and tt
production, the candidate event is required to contain no isolated muons, or other electrons that satisfy the above
criteria for p7 > 15 GeV.



Events with candidate electrons that satisfy the electron identification criteria are then required to have K > 25
GeV to enhance candidates with a W boson. The F7 used in this analysis is corrected for the presence of muons and
for electron and jet energy scales. The candidate events are also required to contain just two jets reconstructed with a
cone algorithm of radius AR(= y/An? + A¢?)=0.5. The jets are required to satisfy |n| < 2.5 and pr > 20 GeV, after
particle level energy scale corrections. A total of 3844 events satisfy the selection criteria up to this stage (Table I).

In order to distinguish Wbb and W H candidates from ordinary W+2 jet events whose jets originate from light
quarks, we use the JLIP algorithm [5] to tag b jets. JLIP algorithm utilizes a “jet lifetime probability”, which is
constructed from the tracks associated with jets that have p031tlve impact parameters in the transverse plane, with
the sign of the impact parameter defined by the scalar product dpe”qee pT(Jet), where dpe”qee is the distance vector
in the transverse plane between the primary vertex and the point that defines the impact parameter. The jet lifetime
probability is required to be consistent with that for a b jet. Only 153 events survive the requirement of having at
least one b-tagged jet (Table I).

To enrich the Wbb and W H content of the sample, the candidate events are now required to contain just two
b-tagged jets. This reduces the sample to 13 events.

For consistency, all the above selection criteria are applied to data as well as to simulated events(see below).

IV. BACKGROUND ESTIMATES

The primary irreducible background sources for Wbb and W H channels are from tf — llyvbb, in which I can be
either an electron(e) or muon(u), including indirect e or y from 7 decays, single top production(tb — evbb), and
WZ — evbb. Wbb is one of the primary irreducible backgrounds to the W H channel. Other background sources
that contain signatures considered in this analysis include W (— ev)+2 jets, where both jets are misidentified as b
jets. We also consider three additional channels with two light jets misidentified as b jets, W (— 7v — evv)+2 jets,
Z(— 77 — evv + hadrons)—+jets, and Z(— ee)+2 jets, in which one of the electrons is lost, and the Zr is introduced
from an incomplete measurement of the total transverse energy.

Fully simulated Monte Carlo (MC) samples are used to estimate background contributions from the irreducible
processes. Of the MC samples, the following processes are generated with PYTHIA[6] v6.202, using CTEQ5LI7]
leading-order (LO) parton distribution fuctions (PDF):

e inclusive production of Z — ee, W — v, Z — 77, and WZ(W — ev, Z — bB)
o tt — lv + 2 jets +bb and tt — llvv + bb
o WH — ev+bb

Because PYTHIA does not provide an adequate description of heavy-quark productions and higher-order processes
with larger jet multiplicities, the following processes are generated using other generators:

e single-top (s-channel and t-channel) events are generated using COMPHEP[§]

o W + jets (excluding b jets) and W + bb events are generated with ALPGEN, requiring 2 parton jets with pr >
8 GeV, separated by AR > 0.4

These events are then passed through the PYTHIA parton-showering and hadronization process, followed by full
detector simulation. We use the next-to-leading order cross section wherever available. We assign 18% systematic
uncertainty on the cross sections due to uncertainties in PDF and dependence on renormalization and factorization
scales in leading-order calculations[9].

Instrumental background from multijet events in which one of the jets is misidentified as an electron and two other
jets are either mistaken as b jets or are bb pair produced from gluon splitting, are estimated from data using measured
probabilities of electron reconstruction and misidentification of jets as electrons. The probability that a jet mimics
an electron was estimated from data that contain 2 back-to-back jets with low Fr to minimize contamination from
true W bosons in the sample. One of the two jets is required to have an EM fraction fgjs < 0.7 to select a hadronic
jet and to be in the CC away from EM module boundaries, to avoid artificial 1 from mismeasurement of transverse
momentum. The remaining jet is required to satisfy all electron requirements, except the electron likelihood selection
which, as a result, defines a false candidate electron. Using this method the probability of a false candidate passing
the electron likelihood requirement is measured to be (11 + 3)% [9].

Except for the Wjj background, the expected numbers of events for simulated reactions are calulated from Monte
Carlo samples and represent absolute predictions. The estimated number of Wjj events is obtained by subtracting
the expected numbers of all other background sources that have an electron, Fr and 2 jets in the event (such as in



tt and single-top production) from the number observed in data, before requiring b tagging. At this stage, the sum
of all other backgrounds is small compared to Wjj , except for multijets. The normalization factor obtained at this
stage is used in the later analysis when b tagging is implemented.

Table I summarizes the estimated contributions from all processes to samples at different stages of analysis. The
combined uncertainties associated with the background contributions in the table reflect both the MC statistics and
systematic uncertainties, including 18% uncertainty in MC cross sections. In Figs. la and 1b we show the py and n
distributions of electrons in the W+2 jet candidate events. The Fr and the (e, £r ) transverse mass distributions
of candidate events are shown in Figs. 1c and 1d, demonstrating good agreement of expectation with data. In Figs.
2a and 2b we show the pr distributions of the leading and next-to-leading jet in the selected sample, respectively. In
Figs. 2c and 2d we show the pr distributions of the b-tagged jets and the invariant mass of the di-jet in events with
at least one b-tagged jet. Analogous distributions for events with both jets tagged as b jets are shown in Figs. 3a and
3b.

The electron ID/reconstruction efficiency is estimated using Z — ee candidate events in data. The efficiency for
electron likelihood selection for |n| < 1.1 is found to be (91+£3)% [9]. The mean efficiency for the entire CC is
found to be (74+4)%. Jet ID/reconstruction efficiency is estimated using QCD multijet MC event samples. The jet
ID /reconstruction efficiency is (95+5)% for pr > 20 GeV. The ratio of efficiencies for data to MC is parameterized
as a function of jet pr and is used to re-weight the simulated events. For the jet b-lifetime probability used in this
analysis, the mistag rate (tagging of light quarks) is (0.5 £ 0.05)% [10], and the b-tagging efficiency for a “taggable”
jet is found to be 48 + 3% [9]. (A jet is “taggable” if at least one track can be associated with it. Approximately 80%
of jets in multijet events are taggagle.[10].) The ratio between data and MC for the taggability x tagging efficiency
(0.88 x 0.78) is used to reweight every b-tagged jet in simulated events.

V. RESULT OF Whb SEARCH

A 1% Whb signal acceptance is obtained using a full detector simulation of MC events generated with ALPGEN.
The overall systematic uncertainty on the signal acceptance is 16.2%. The contributions from diffeent sources given
in Table II. Most of the systematic uncertainties are retained from the previous study [9], except for those due to jet
energy scale (JES) and trigger efficiencies. Because the overall systematic uncertainty from MC is assumed to be the
same for both signal and background, we assign a combined uncertainty of 24.0% to the estimation of background
and signal, which corresponds to a sum in quadrature of an 18% uncertainty on the cross section and the uncertainty
on acceptance. In addition, we assign a 40% systematic uncertainty to multijet background in the double-b-tagged
sample. The two primary sources that contribute to this uncertainty are: 22% from the uncertainty of false-electron
probability and 33% from the statistical uncertainty in the control sample used to obtain the probability.

A total of 13 events are left in the sample after all selection criteria are applied. Figures 3a and 3c show the b jet pr
and the (e, Fr ) transverse mass distributions, respectively, while 3b and 3d show the bb invariant mass distributions
of these 13 events using linear and semi-log scale, along with expected contributions. The total background to Wbb
is estimated to be 5.73 +£1.45 . The upper limit on the Wbb production cross section is obtained using a Bayesian
limit calculation method. The 95 % C.L. upper limit on Wb production obtained from this analysis is 4.6 pb for b
jets with pf. > 20 GeV, |n°| < 2.5 and AR, > 0.75.

VI. SEARCH FOR WH PRODUCTION

In order to minimize Wbb background contributions to a potential Higgs signal, we apply an additional selection
on the bb invariant mass, using a window that slides along with the mass of the Higgs boson. For My=115 GeV, a
total of 4 events are observed in the mass window 85 < M; < 135 GeV, with 2.37 £ 0.59 expected from background.

Since no excess is observed at My=115 GeV, we set an upper limit on the W H production cross section. The
signal acceptance for WH is (0.23 + 0.03)%. The 95 % C.L. upper limit on the WH (Mpy=115 GeV) production
cross section is found to be 8.6 pb .

We also investigated other Higgs mass points; M y=105, 125 and 135 GeV. Fo all these mass points, we observe no
excess over the estimated background. The 95% C.L. upper limits for cross sections vary from 6.9 pb to 7.6 pb for
these masses. The mass window, the resulting number of candidate events in data, the background estimate, and the
95% C.L. upper limits on cross section are summarized in Table III. Figure 4 shows the cross section upper limits
from this analysis as a function of Higgs mass.

Although we do not observe any excess in the Higgs signal region, we observe a small excess in the high bb invariant
mass region. For instance for my; > 150 GeV a total of seven events are observed with 2.1 £+ 0.5 expected. Different



W + 2 jets W+ 2>1b W+4+2b W +2b
85 < my; <135 GeV

Wbb 44.8 + 10.7 18.1 £ 4.3 4.29 + 1.03 1.10 £ 0.26
WH 0.94 + 0.2 0.44 £ 0.1 0.14 £ 0.03 0.12 £ 0.03
wWZzZ 2.6 £0.6 1.1+0.3 0.33 £ 0.08 0.17 £ 0.04
tt 22.0 £5.3 9.5 + 2.3 2.23 £ 0.54 0.61 £ 0.15
Single top 16.8 £ 0.4 6.8 £ 1.6 1.11 £ 0.27 0.35 + 0.08
Multijets 474 £+ 104 23 £5 0.42 £ 0.17 0.14 £ 0.06
W/ Z+jets 3256 + 781 95.1 £ 23 1.64 + 0.39 0.0

Total background 3771 £ 911 135.5 £+ 33 5.73 £ 1.45 2.37 £ 0.59
Total expectation 3816 + 921 153.6 + 38 10.2 £ 24 2.49 £+ 0.62
Data 3844 153 13 4

TABLE I: Summary of expected Wbb and W H and background events at various stages of the analysis for different requirements
on jets. The t¢ background contains both single-lepton—+jets and dilepton samples, and W/Z+jets represents background from
Wjj and W and Z inclusive samples. The bb invariant mass window in the last column is 85 - 135 GeV for My = 115 GeV.
The total expectation is sum of the total background and signal(WWbb and W H).

Sources Uncertainty
Trigger efficiency 3%
Electron likelihood efficiency 3%
Electron ID/Reconstruction Efficiency 3%
Electron energy uncertainty (energy smearing) 4 (1)%
Jet ID/Reconstruction Efficiency 5%
Jet Multiplicity 3%
MLM Matching 4%
Jet Eenergy Scale (JES) 4 (7 for WH)%
Jet Taggability 4%
JLIP Efficiency 10%

TABLE II: Summary of systematic uncertainties for signal acceptance. By MLM Matching[11], we mean an inclusive prescrip-
tion for removing PYTHIA parton showers with higher pr than expected in ALPGEN.

sources for this excess have been investigated (multijet production or other processes such as t¢ and single top), and
we conclude that this excess is likely to be a statistical fluctuation from the combined background sources.

VII. SUMMARY

We have searched for Wbb and W H production in final states that contain one high pr electron, Fr and two b
jets, using data that corresponds to a total integrated luminosity of 382 pb~!. Detailed comparisons of data and
background estimated from the standard model show no excess above expectation. The Wb production cross section
95% C.L. upper limit is set at 4.6 pb for b jets with p) > 20 GeV, |[n°77¢| < 2.5 and AR,; > 0.75. In addition,
a search for the Higgs boson in the bb invariant mass shows no excess of events above the background in the mass
range of 105 < My < 135 GeV. From these results, we obtain 95% C.L. upper limits between 6.9 pb and 8.6 pb on
o(pp — WH) x B(H — bb) for Mg between 105 GeV and 135 GeV.



105 GeV 115 GeV 125 GeV 135 GeV
WH 0.14 + 0.03 0.12 £+ 0.03 0.07 £+ 0.02 0.04 £ 0.01
Wbb 1.40 £ 0.34 1.10 £+ 0.26 0.96 + 0.23 0.72 £ 0.17
wz 0.25 + 0.49 0.17 £ 0.04 0.07 £+ 0.02 0.02 + 0.005
tt 0.58 + 0.14 0.61 £+ 0.15 0.64 £+ 0.15 0.63 £+ 0.15
Single top 0.34 + 0.08 0.35 £ 0.08 0.32 + 0.08 0.31 £ 0.08
Multijets and W /Z+jets 0.59 + 0.17 0.14 + 0.06 0.14 + 0.06 0.12 + 0.05
Total backgrounds 3.16 £ 1.22 2.37 £ 0.59 2.13+£ 0.5 1.8 £0.5
Efficiency (%) 0.184 4+ 0.03 0.23 £+ 0.03 0.24 + 0.03 0.26 £+ 0.04
Events observed 2 4 3 3
U.L. at 95 % C.L. 7.4 pb 8.6 pb 7.0 pb 6.9 pb
Expected U.L. 9.0 pb 5.7 pb 5.6 pb 4.3 pb

TABLE III: Summary of W H analysis. Expected number of W H events and background contributions for M,=105, 115, 125
and 135 GeV, along with 95% C.L. cross section upper limits. (U.L. stands for Upper Limit and C.L. stands for Confidence
Level.)
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FIG. 1: Kinematic distributions for the W + jj sample: a) transverse momentum of electrons, b) 7 distribution of electrons, c)
missing transverse energy; d) transverse mass of e and £ . The background from MC simulation is normalized to the integrated
luminosity of the data sample using the calculated cross sections (absolute normalization), except for the Wjj contribution,
which is normalized such that the sum of all backgrounds equals the number of observed events(see the text). Background
from multijet production is estimated from data.
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FIG. 2: Kinematic distributions for jets in the W + jj sample: a) leading jet pr, b) next-to-leading jet pr, and where at
least one jet is b-tagged: c) transverse momentum of the b-tagged jet, d) the invariant mass of the two jets in the event. The
normalization used in these plots is same as in Fig. 1.
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FIG. 3: Distributions for W + 2 b jets events: a) transverse momentum of b-tagged jets, b) di-jet invariant mass on a linear
scale ¢) transverse mass of e and Fr system, d) di-jet invariant mass on a log scale. The contribution from a 115 GeV Higgs
Boson is shown with finer binning (5 GeV) and multiplied by a factor of 4. The mean and RMS of this signal is 110 GeV and
16 GeV, respectively, resulting in a relative mass resolution of 14 % [1]. The normalization used in these plots is same as in
Fig. 1.
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FIG. 4: 95 % C.L. upper limits on the product of the W H production cross section and the branching fraction of H — bb as
a function of Higgs mass are shown for the results of this analysis(circles), and the previous published study[1](boxes). Also
shown is the the prediction of the standard model as a function of Higgs mass.



